The northward migration of the Mendocino Triple Junction is associated with complex faulting within the Gorda plate and in the convergent zone between the Gorda and North American plates. This region has experienced substantial recent large earthquake activity, and quantification of these faulting processes is essential for understanding the evolution of the triple junction. Using an empirical Green function deconvolution method for teleseismic and regional surface waves and body waves, we obtain relative source time functions for the April 25, 1992, Cape Mendocino thrust earthquake (M w = 7.2), its two large strike-slip aftershocks on April 26, 1992 (M w = 6.5, 6.6), and two large strike-slip events in the Gorda plate that occurred July 13, 1991 (M w = 6.8), and August 17, 1991 (M w = 7.1). The removal of propagation effects using empirical Green functions provides unusually detailed source rupture information and indicates that all the ruptures are less than 16 s in duration. Analyzing the directivity effects observed in the source time functions, we resolve rupture directions and corresponding fault orientations for the four largest events and place some constraints on the smaller aftershock. Significant differences in the rupture duration and stress drop are observed between the Cape Mendocino mainshock and its two largest aftershocks. The mainshock, which ruptured westward on a shallow dipping plane either on or paralleling the interplate contact between the Gorda and North American plates, had a smooth 9-s-long rupture with a 0.9-4.6 MPa static stress drop. The two largest aftershocks occurred within the uppermost mantle of the Gorda plate and have more complex ruptures with total durations of 14-15 s and static stress drops of less than 0.3 MPa, perhaps reflecting a difference between mantle and crustal earthquakes in this region. The aftershocks appear to have ruptured conjugate strike-slip faults, accounting for differences in their damage patterns. The August 17, 1991, Gorda plate event ruptured a southwest striking fault, while the July 13, 1991, event ruptured a southeast striking fault, with both events relieving north-south compression within the deforming Gorda plate. The existence of multiple active faults in the region constitutes a significant earthquake hazard associated with the complex stress environment of the migrating triple junction.
mechanism. The most common method of identifying the fault plane orientation is by analysis of spatial trends in aftershock seismicity. However, even well-located aftershocks do not always present a simple pattern [e.g., Ekstri•m et al., 1992; Stein and Ekstr6m, 1992] , and using seismicity located on the periphery, or outside of a short-period network to identify the fault plane is usually difficult unless the event is very large. Geodetic measurements, which can also uniquely define the fault plane, suffer similar resolution problems when the event is relatively inaccessible or if a significant portion of the slip occurred offshore. In particular, identifying the Cape Mendocino mainshock rupture plane is complicated by the lack of thrust mechanism aftershocks [Schwartz, 1992] , the fact that most aftershocks occurred offshore [Oppenheimer et al., 1993] and by the complex interactions of faults in the immediate vicinity of the MTJ [Jachens and Griscom, 1983 We examine the ruptures of the Cape Mendocino mainshock, expanding the data set analyzed by A•nmon et al. [1993] , the two 1991 Gorda plate events, and the two largest aftershocks of the Cape Mendocino earthquake. For four of the events we can confidently identify the fault plane from the observed azimuthal variation in source time history, with the fault plane for the smallest event being resolved with less confidence. To investigate the rupture complexity and to estimate the static stress drop of each event, we also analyze azimuthally averaged time histories which reflect the overall source characteristics.
We then relate the finite source characteristics to the tectonic processes associated with this suite of events. The successful identification of the fault planes and rupture characteristics for offshore events of moderate size holds much promise for quantification of faulting in other complex regions.
TECTONIC BACKGROUND
The strike-slip/strike-slip/trench MTJ is an unstable triple junction [Dickinson and Snyder, 1979 ] that has migrated northward over the last 30 m.y. since the Pacific and North American plates first came into contact [Atwater, 1970] . The northward migration of the MTJ is responsible for the growth of the San Andreas fault system, which has evolved in its wake [Atwater, 1970] . On several occasions in the past, the MTJ appears to have jumped eastward [Griscom and Jachens, 1989; Smith et al., 1993] . The Mendocino fault is seismically active with small-to-moderate size earthquakes, most of which are presumably right-lateral strike slip on east-west vertical fault planes [Bolt et al., 1968; Simila, 1980; Sverdrup, 1987 The accessibility of the MTJ has resulted in a number of tectonic studies and models of the plate interactions in this region [Wilson, 1986 [Wilson, , 1989 Ruff, 1987] . Observed signals are complicated by the distinct propagation effects that obscure the radiation history at the source. For teleseismic body waves, simple velocity models are often sufficient to account for primary propagation effects, but such body waves provide very limited ray parameter coverage, reducing their sensitivity to source finiteness. Surface waves intrinsically provide superior sensitivity to horizontal rupture extent, but existing earth models are only adequate to account for propagation effects for long periods, greater than about 100 s. Thus surface wave inversions typically provide only point source information for events smaller than magnitude 7.5 [e.g., Velasco et al., 1992] . To better exploit the surface wave information and to merge it in a self-consistent fashion with body wave information, we must forego use of current, inadequate propagation models.
To extract a high-resolution source time function of a large event from a particular arrival (an isolated body wave or a surface wavetrain), we use the corresponding recording of a nearby, much smaller event to remove the propagation effects from the signal of the larger event. The small event is refexTed to as an empirical Green function (EGF) and ideally should have a focal mechanism identical to that of the larger event [Hartzell, 1978; Mueller, 1985 For moderate-sized events (M w ~ 7.0 or smaller), to obtain a reliable RSTF for periods longer than a few seconds, the EGF must be located within about 1.5 fault lengths of the larger source and should be approximately an order of magnitude smaller than the larger event (A. A. Velasco, C. J. Ammon, and T. Lay, 1993) . Below the EGF corner frequency, the waveforms from the EGF approximate the propagation impulse response for the given fault mechanism. If the EGF has a short, impulsive source duration (i.e., a relatively high corner frequency), the RSTFs are close approximations to the moment-normalized source time functions of the large event. For EGFs that are similar in size and rupture duration to the larger event, gross characteristics of the rupture may be estimated, but high-frequency information about the rupture is irretrievable due to the low corner frequency of the EGF (C. J. Ammon [1985] showed that depth differences of 20 km can significantly distort the estimated source time functions. We use synthetic seismograms in our procedure to investigate the effect of EGF depth differences on the body wave and surface wave deconvolutions.
We compute P wave synthetics for the three fundamental dislocations, vertical strike-slip, vertical dip-slip, and 45" thrust focal mechanisms, and transverse component $ wave synthetics for vertical strike-slip and vertical dip-slip mechanisms. We set the depth of our reference event to be 15 km and deconvolve calculated Green functions computed at depths of 5, 10, 15, 20, 25, 30, 40, and 50 km (Figure 3a and 3b). The epicentral distance used in the calculations is not very important when no noise is included since there is not much loss of bandwidth, however, for data this can be a factor. The deconvolutions are low-pass filtered at 10 s. Ten kilometer depth differences begin to affect amplitudes of the P wave deconvolutions (Figure 3a ), but durations of the time functions can be recovered with only slight bias. For each local mechanism type, the deconvolutions for P waves become unstable for depth differences of 20 km or larger, consistent with the results of Christensen and Ruff [1985] . $ wave deconvolutions are more sensitive to depth differences than P wave deconvolutions, with 10 km depth differences significantly affecting the results (Figure 3b ). In order to obtain reliable durations from the body wave deconvolutions, the EGF source depth must be within 10-15 km of the centroid depth of the larger event.
We now test the effect of depth difference between an EGF and a larger event for surface wave deconvolutions. Synthetic seismograms are calculated for an isotropic, plane-layered velocity model approximating preliminary reference Earth model (PREM) [Dziewonski and Anderson, 1981 ] with a 20-km-thick crust. The calculations were performed using the method and programs of Herrmann [1987] and are appropriate for plane-layered Earth models. We deconvolve Rayleigh and -00.
-g. . We compared 5-and 10-s low-pass filters of the RSTFs and found that a low-pass filter at 5 s can be used due to the close proximity of the two events and given that the comer frequency of the Honeydew event is greater than 0.2 Hz. The 5-s filtered body and surface wave RSTFs do not indicate significant rupture complexity ( Figure  5 ), but there is some azimuthal variation in pulse width. We use these RSTFs to estimate variations in risetime and pulse width and perform a directivity analysis using the onset, peak, and end time picks. To minimize the bias in our time picks, we locate the onset, peak, and end of the RSTFs relative to the EGF as well as locating the peak and end of the source time function relative to the onset. In Figure 5 we present the RSTFs as a function of the directivity parameter (F) for the preferred rupture direction (262ø), along with the directivity analysis results for the onset to end and EGF to peak time picks. Ordering the RSTFs as a function of the directivity parameter illustrates the systematic pulse width variations caused by the unilateral component of directivity.
RSTF pulse widths narrow as the rupture propagates toward stations with larger positive F. For stations with larger negative F, RSTFs become longer in duration, since the rupture propagates away.
Care must be taken when using onset and end time picks for directivity analysis, since bias in these times exists due to the effects of the low-pass filter. Furthermore, some RSTFs at distant stations in the Chinese Digital Seismic Network (CDSN) such as BJI, KMI, and LZH lack higher frequencies relative to other stations. The spectral falloff occurs around 20 s for all the signals at these stations, biasing the onset to end time picks in the deconvolved traces. Even though the EGF deconvolution should correct for any instrument effects, we find that the longer periods dominate at these stations, resulting in anomalously long-duration estimates for the onset to end time picks. Possibly, propagation along these paths severely attenuates the higher frequencies. Equally possible is that these stations do not record high frequencies above the noise level for the EGF due to the relatively narrow-band CDSN instrument response. Other instruments at distances greater than 60 ø, such as TOL, do not show this biased broadening. Thus, for moderate-sized and smaller events with rupture durations less that 15 s, caution must be taken when analyzing the RSTFs, since intrinsic bandwidth of the recording instruments may influence estimates of duration. These filtering effects will always lead to underestimation of the rupture velocity.
The Cape Mendocino rupture propagated west-southwest at an azimuth of 262 + 26 ø with a maximum duration of 12.4 + 0.2 s (Table 2 ). This statement applies to that part of the rupture associated with a unilateral component, and the directivity procedure may fail to detect any bilateral or radially expanding rupture component. We observe about 5 s of azimuthal variation in duration, with 3-4 s of scatter at each directivity parameter, but the data define a very consistent trend. The rupture velocity inferred from the propagation distances and relative times are small, less than 1 km/s, but this may reflect overestimation of the relative times due to the filter sidelobes, bandwidth limitations, and deviations from simple unilateral rupture. In practice, it is difficult to correct for filter sidelobes due to complex interference with noise and slight inadequacies of the EGF. We will show later that stacking the time functions to improve the signal-to-noise level reduces the total duration estimate by about 3 s, with even that being an upper bound due to the broadening effect of finite bandwidth. The peak of the moment release relative to the Honeydew event (EGF to peak) locates just onshore, with a high correlation coefficient (0.84) ( Figure 5 and Table 2 ). Given the symmetric shape of the RSTFs, the peak of the RSTFs roughly corresponds to the centroid of the moment release. Locations of the onset, peak, and end relative to the EGF support the model of a west-southwest directed rupture with a large portion of moment release occurring just onshore ( Our inferred locations of the Cape Mendocino rupture onset and centroid are west of the epicentral location from CALNET ( Figure 6 ). While we have little confidence in our ability to locate the onset, due to the filter sidelobes and bandwidth limitations, we are confident that the centroid of the rupture is west to northwest of the Honeydew event, in contrast to the epicentral locations given by CALNET.
One possible explanation for the discrepancy is the occurrence of a small precursory energy release at the onset of the mainshock located east of the major moment release. At station COR (A = 4.3ø; Az = 8.8ø), a small precursor to the Cape Mendocino mainshock appears on the vertical component which is not evident for the Honeydew earthquake (Figure 7) . The fact that the Honeydew seismogram at COR does not show this precursor suggests that it is not a structural arrival, but the noise level of the Honeydew recording may be too high to detect any precursory structural an'ival.
We do not observe this precursor at other close [1992] obtain a shallow thrusting mechanism (strike/dip/rake: 311ø/22ø/51ø) using a CMT algorithm, while the moment tensor solution given by the NEIC (48ø/38ø/141ø) The 1 ). This distance between the EGF and the larger events is farther than preferred; it is sufficiently close to resolve the basic character of the source functions, but estimation of any directivity effects is difficult. Since we require stations with adequate signal-to-noise ratios, the small size of the EGF limits our analysis to relatively close stations, restricting the azimuthal coverage.
The RSTFs of the larger aftershock (AS 2) contain two pulses of energy release (Figure 8 ) with systematic relative behavior despite a rather high noise level, which is attributable to the limited bandwidth of the EGF.
More than 20 distinct phases were available for deconvolution, spanning directivity parameters from -0.25 to 0.25 s/km. We low-pass filter the RSTFs at 5 s and pick times for the onset, the first peak (peak 1), the second peak (peak 2), and the end, again noting the difficulties associated with filter sidelobes and high noise levels. Directivity analysis of the time picks between peaks 1 and 2 gives an azimuth of 148 +_ 34 ø, with a time separation of 5.8 +_ 0.6 s, a distance separation of 11.8 + 3.4 km, and a correlation coefficient of 0.72 ( Figure 8 and In this case, we estimate a rupture velocity of about 2 km/s, whereas the (biased) values inferred using onset or end measurements are less than 1.5 km/s.
The focal mechanism for AS 2 (Table 1) has one nodal plane striking southeast. Thus the rupture propagated on the plane striking 132 ø, consistent with the fault plane inferred from seismicity [Oppenheimer et al., 1993] . The analysis of onset to end measurements gives an azimuth of 143 + 35 ø also supporting the southeast rupture propagation. We also located these RSTF features relative to the EGF and found consistent results ( Table 2 ). The total duration from onset to end is about 13.5 s, which is somewhat longer than the mainshock, despite the much lower moment (Table !) .
Comparison of P wave seismograms at different azimuths show differences in amplitudes and frequency content between the mainshock and the two aftershocks [Oppenheimer et al., 1993] . P wave amplitudes for AS 2 are 4 times greater and contain higher frequencies that AS 1 seismograms at azimuths near 130 ø. Oppenheimer et al. [1993] attribute this difference to southeast rupture directivity for the larger aftershock. The directivity results for these relatively heavily filtered RSTFs are much more ambiguous for this event than for the larger aftershock. Our azimuthal coverage for this event is poor; in particular, we lack stations to the northeast. The onset-to-end analysis gives an azimuth of 87 + 27 ø, a duration of 17.0 s, and a poor 0.32 correlation coefficient (Table 2 ). There does not appear to be a strong overall unilateral component. The onset to first peak analysis also gives a low correlation, with an azimuth of 56 + 34 ø, which may be a bit more reliable given that the peak is probably less affected by the multiple subevent character. The locations relative to the EGF have high correlation coefficients (Table 2) 
Gorda Plate Earthquakes
In analyzing the Gorda 1 and Gorda 2 events, we use EGFs from an event that occurred on August 16, 1991 (Mw = 6.2), one day before the Gorda 2 event. The NEIC locates the EGF and Gorda ! events approximately 50 km apart, consistent with our relative location analysis, and thus this EGF is not ideal to correct for propagation effects at high frequencies. However, this is the only available event in the region large enough to be well recorded by globally distributed stations, and more than 35 phases were retrieved for analysis. The resulting RSTFs for Gorda ! indicate a rupture with two clear pulses of moment release (Figure 11 ). Since the distance between the EGF and Gorda ! is larger than 2 times the fault length, dispersion effects bias directivity analyses using onset to end time picks, which can be seen with the poor correlation coefficients in Table 2 . However, moderate dispersion will not significantly affect RSTFs that show discrete subevents. The analysis for directivity between .the two peaks gives a fair correlation Figure 11 by the merging of the two pulses into one pulse with increasing U. While it is possible that rupture occurred on two offset northeast trending faults, the simpler interpretation is that rupture occurred on the nodal plane striking 315 ø (Table 1) , with some unilateral propagation toward the southeast and involving two subevents. The relative location of the EGF with respect to the onset of moment release is similar to the NEIC location, with the distance between the two events being approximately 45 km. The Gorda 2 RSTFs are very stable and show a smooth rupture with a short duration (Figure 12 ). In this case the EGF is within 15 km of the rupture, so it is highly suitable for correcting the propagation effects, and there are about 28 phases that provide good sampling of the directivity function. The magnitude of any unilateral directivity is small and difficult to resolve. Using onset to end time picks, we find the rupture propagated to the southwest, indicating a southwest-northeast oriented fault plane. This fault orientation coincides with the fabric of the northeast striking structures mapped within the plate. The average duration is around 7 s, very short to resolve significant directivity using a low-pass filter of 5 s, and the magnitude of the directivity is only a few seconds (Figure 12) . However, even with such a short duration, the subtle directivity information indicates a southwest propagating rupture. Locating the onset, peak and end relative to the EGF confirms the southwestward direction of rupture (Table 2) however, very few aftershocks are known to have thrust mechanisms, so any relationship to the aftershocks is ambiguous, and no clear planar structure is apparent in the seismicity [Oppenheimer et al., 1993] . The slip direction obtained from preliminary geodetic modeling is also generally consistent with our inferred rupture direction [Oppenheimer et al., 1993 The two large strike-slip Cape Mendocino aftershocks ruptured the mantle of the Gorda plate [Oppenheimer et al., 1993] and were triggered by the mainshock. Our results suggest that these earthquakes ruptured conjugate planes (Figure 13 ). The larger aftershock (AS 2) shows southeast and downward directivity, which is most likely responsible for the event being felt as far south as Santa Cruz and Salinas. The directivity of the smaller aftershock is much more subtle but appears to have ruptured on the northeast trending fault, with weak unilateral and perhaps bilateral faulting. The differences in shaking and regional damage between the two aftershocks from preliminary intensity maps of the region [Dengler et al., 1992a] can be explained by rupture on conjugate fault planes. North-south compression between the Gorda and Pacific plates appears to be responsible for the ongoing deformation of the southern Gorda plate. [Silver, 1971; Stoddard, 1987] . Thus the conjugate-faulting aftershocks are primarily the result of Gorda-Pacific plate interaction rather than the Gorda-North American plate motion that produced the mainshock. However, static stress modeling indicates that the offshore events may have been triggered by the small stress perturbations associated with the Cape Mendocino mainshock [Oppenheimer et al., 1993] .
The Gorda plate events occurred on northwest-southeast (Gorda 1) and northeast-southwest (Gorda 2) fault planes. The Gorda 1 fault plane orientation is not consistent with the primary structural orientations in the Gorda plate mapped by Silver [1971] (Figure 13 ), but both of these earthquakes also relieve the north-south compression within the plate. This sequence of events, including the August 16, 1991, EGF is a further illustration of the complex deformation within the Gorda plate.
It is unclear whether this intraplate accommodation of north-south compression affects the seismic potential of the Cascadia subduction zone.
Rupture Complexities
The variation in duration and seismic moment between the events analyzed here suggest significant differences in the nature of these ruptures. In order to investigate this further, we stack the RSTFs for each event to improve the signal to noise ratio and to suppress any bias due to radiation pattern complexity of energy release perhaps suggest a difference in the nature of earthquake faulting occurring in the mantle versus the crust. One method to quantify this difference is by calculation of the associated stress drops.
We calculate stress drop using the methods of Houston [1990] and Kanamori and Anderson [1975] (see the appendix). We assume that the stacked RSTFs are the actual azimuthally averaged moment rate function scaled by the moment of the EGF (Figure 14) . Since we low-pass filter either at 5 or 10 s, the stress drops that we obtain from the RSTFs will be lowfrequency stress drops. We also assume that the corner frequencies for the mainshocks are contained within our bandwidth, which may not hold for the smaller subevents in the aftershocks. We compare the moment ratios of the events and EGFs predicted by the CMT solutions to those obtained by integrating the RSTFs (Table 3) to check whether we are obtaining the total moment from the stacked RSTFs. We find excellent agreement between the stacked RSTFs and the CMT catalog moments, except for the two aftershocks. The moment ratios for both aftershocks are approximately 40% lower than the CMT solutions predict. Since both earthquakes show this behavior, it is possible that the reported CMT moment for the EGF is too low. Alternatively, since we do not have excellent azimuthal coverage for these smaller events, it is possible that the stacked RSTFs still contain minor effects of focal mechanism differences between the mainshocks and EGF. Table 3 lists dynamic and static stress drop estimates obtained from the scaled RSTFs. For the static stress drop calculations, we assume various rupture velocities in mapping the total pulse duration to a circular fault radius. The Orowan stress drop equation given by (A4) requires P wave and S wave velocities, density, and shear modulus. We use the crustal values in Table 4 (Table 5) . These results are significantly higher, as expected. However, regardless of the chosen technique, it appears that the two aftershocks had a significantly lower overall stress drop than the other events. Since the RSTFs for the aftershocks are stacked and low-pass filtered at 5 s, we do not see any differences in the high-frequency content in the P waves for AS 2 relative to AS 1. If there is significant high-frequency energy release for these events [Oppenheimer et al., 1993] , our stress drop calculations are probably biased low. If we calculate stress drop for the two pulses of AS 2 separately, the stress drops increase dramatically (Table 5 ) but are not greater than the other crustal events. The stacked functions do provide the gross characteristics of these two ruptures, and the relative stress drops appear robust to first order. It thus appears that the intraplate events rupturing in the mantle have a somewhat lower stress drop and more complex faulting than the crustal events. Establishing whether this relationship holds for other regions is important.
CONCLUSION
We apply the empirical Green function method to large data sets of both body and surface waves to obtain broadband source time functions for recent events in the vicinity of the Mendocino Triple Junction and the Gorda plate. We find that we can extend the method to smaller magnitude earthquakes than previously considered, retrieving basic information about the fault orientation and rupture complexity for offshore events larger than M w = 6.5. Directivity results show that the Cape Mendocino mainshock ruptured a shallow dipping plane with a duration of 9 s and a dynamic stress drop of 0.9 MPa. The two large aftershocks of this event occurred in the mantle on conjugate strike-slip faults and had more complicated ruptures with multiple pulses of energy release, longer durations, and stress drops less than 0.3 MPa. The Gorda plate events ruptured both southwest and southeast striking faults, highlighting the complex deformation within the Gorda plate caused by northsouth compression. These events had moderate stress drops and durations of less than 11 s.
APPENDIX
Stress drop is calculated by first stacking the RSTFs for each event to improve the signal-to-noise ratio and to reduce any bias in the source time functions due to mechanism differences between the EGF and mainshock. We assume that the stacked RSTFs are the moment rate function scaled by the moment of the EGF. In this case, the moment rate function is EGF
M(t) = M• R(t) (A1)
. EGF where M o is the moment of the EGF and R(t) is the stacked RSTF. The Orowan stress drop presented by Houston [1990] , which is the average dynamic stress drop that depends on the energy of the rupture process, is given by 2uEs Aty --,Main ' 
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where a is the radius of the fault. a can be assumed to be the rupture velocity times the duration of rupture. Assuming a rupture velocity, we compute a using the duration of rupture from the stacked RSTF and obtain the static stress drop.
